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ABSTRACT: Persistent -radicals such as MV+• (MV refers to methyl viologen, i.e., N,Nꞌ-
dimethyl-4,4ꞌ-bipyridinum) engage in weak radical-radical interactions. This phenomenon has 
been utilized recently in supramolecular chemistry with the discovery that MV+• and 
[cyclobis(paraquat-p-phenylene)]2(+•) (CBPQT2(+•)) form a strong 1:1 host-guest complex 
[CBPQT⊂MV]3(+•). In this full paper, we describe the extension of radical-pairing-based 
molecular recognition to a larger, square-shaped diradical host, [cyclobis(paraquat-4,4ꞌ-
biphenylene)]2(+•) (MS2(+•)). This molecular square was evaluated for its ability to bind an 
isomeric series of possible diradical cyclophane guests, which consist of two radical viologen 
units that are linked by two ortho-, meta-, or para-xylylene bridges to provide different spacing 
between the planar radicals. UV-Vis-NIR Measurements reveal that only the m-xylylene-linked 
isomer (m-CBPQT2(+•)) binds strongly inside of MS2(+•), resulting in the formation of a tetra-
radical complex [MS⊂m-CBPQT]4(+•). Titration experiments and variable temperature UV-Vis-
NIR and EPR spectroscopic data indicate that, relative to the smaller trisradical complex 
[CBPQT⊂MV]3(+•), the new host-guest complex forms with a more favorable enthalpy change 
that is offset by a greater entropic penalty. As a result, the association constant  
(Ka = (1.12 +/- 0.08) x 105 M-1) for [MS⊂m-CBPQT]4(+•) is similar to that previously determined 
for [CBPQT⊂MV]3(+•). The (super)structures of MS2(+•), m-CBPQT2(+•), and [MS⊂m-
CBPQT]4(+•) were examined by single-crystal X-ray diffraction measurements and DFT 
calculations. The solid-state and computational structural analyses reveal that m-CBPQT2(+•) is 
ideally sized to bind inside of MS2(+•). The solid-state superstructures also indicate that localized 
radical-radical interactions in m-CBPQT2(+•) and [MS⊂m-CBPQT]4(+•) disrupt the extended 
radical-pairing interactions that are common in crystals of other viologen radical cations. Lastly, 
the formation of [MS⊂m-CBPQT]4(+•) was probed by cyclic voltammetry, demonstrating that 
the radical states of the cyclophanes are stabilized by the radical-pairing interactions.
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■   INTRODUCTION 
The study of synthetic hosts for guest recognition, which was initiated with the synthesis of 
crown ethers that bind Group IA and IIA metal cations,1 has subsequently undergone expansion 
to incorporate the investigation of inclusion complexes based on a diverse array of molecular 
recognition motifs.2-7 Complexes have been formed using electrostatic attraction,3 the 
hydrophobic effect,4 - stacking,5 hydrogen bonding,6 and numerous other noncovalent 
bonding interactions.2 A noteworthy feature of many recognition motifs is the importance of 
size-complementarity between the host and the guest, as noted early on in size-matched crown 
ethers and cations.1,7 Other size-based binding recognition phenomena include Rebek’s 55-
percent rule8 for the inclusion of guests inside hydrophobic capsules, and the necessity for a 3.2 – 
3.5 Å spacing between the -surfaces of donor-acceptor - stacks.9 This latter consideration has 
been a defining feature of the tetracationic host, cyclobis(paraquat-p-phenylene)10 (CBPQT4+), 
which has two electron-deficient viologen units — i.e., 4,4ꞌ-bipyridinium dications —  that are 
ideally spaced (Scheme 1, upper left) for interaction with planar, electron-rich aromatic guests 
such as tetrathiafulvene10c (TTF). More recently, the spacing of viologen units has been found11 
to be ideal (Scheme 1, upper right) for the diradical dication CBPQT2(+•) to bind the methyl 
viologen radical cation (MV+•) as a unique tricationic trisradical complex held together by 
radical-pairing interactions. The respective abilities of CBPQT4+ and CBPQT2(+•) to bind 
aromatic and -radical guests has made this redox-active cyclophane one of the most studied of 
supramolecular hosts.2m,l,5b,12 Recognition motifs of these types have been used to template the 
formation of a wide variety of mechanically interlocked molecules13 (MIMs) and artificial 
molecular machines14 (AMMs). 
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Despite the long history of CBPQT4+, it is only recently that much attention has been given to 
size-homologues of this host,12,15 a situation which stands in contrast to other common 
macrocyclic hosts — e.g., cucurbiturils,16 cyclodextrins,17 and crown ethers1,7 — for which many 
differently sized variants have been investigated. Early efforts at expanding the CBPQT4+ motif 
include the synthesis of the square-shaped tetracationic cyclobis(paraquat-4,4ꞌ-biphenylene)18 
(MS4+), which provides a significantly increased separation between its viologen units. This 
increase creates enough space to form a 1:1 complex with ferrocene18 or to host planar aromatic 
guests in a 1:2 host-guest ratio,19 despite the fact that both types of interactions are weak in the 
absence of supporting [C—H---O] hydrogen bonding interactions.18,19c Nevertheless, these 1:2 
complexes have been useful for templating the formation of [3]catenanes,19a,b [3]rotacatenanes,20 
and higher order oligocatenanes.21 More recent efforts efforts12,15 to expand the CBPQT4+ host 
have focused primarily on extending the electron poor -surface in order to accommodate larger 
two-dimensional guests along with those that deviate only slightly from planarity, e.g., helicene, 
corannulene. These two-dimensionally extended variants of CBPQT4+ now abound, while in 
contrast, only one recent study15e addresses the binding of a three-dimensional guest, namely C60, 
by a larger homologue of CBPQT4+. 
Investigations of expanded homologues of CBPQT4+ have so far overlooked possible radical-
based host-guest chemistry of the reduced states of these cyclophanes. As a result, the small 
tricationic trisradical [CBPQT⊂MV]3(+•), and simple derivatives thereof,22 have stood as 
singular examples of radical-paired host-guest complexes since their introduction more than half 
a decade ago. In this time period, this interaction has formed the basis of a diverse array of MIMs 
and AMMs such as multistate redox-actuated switches,23 nanopumps,14d and molecular 
muscles.24 The development of additional, larger examples of these radical-based recognition 
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motifs could provide routes to increase the sophistication of these molecular arrays and to 
prepare assemblies with new properties and functions. This full paper describes the examination 
of radical guests for the square-shaped diradical MS2(+•), and the subsequent characterization of a 
complex featuring the diradical cyclophane cyclobis(paraquat-m-phenylene)25 (m-CBPQT2(+•)) 
as the guest (Scheme 1, lower right). Remarkably, this diradical guest is three times the size of 
the MV+• guest in [CBPQT⊂MV]3(+•), demonstrating that size-complementarity can be 
incorporated into radical assemblies in much the same manner that size-selective binding 
characteristics are observed for many classic hosts, e.g., crown ethers, hydrophobic capsules, etc. 
 
■   RESULTS AND DISCUSSION 
Assessment of Radical Guests for MS2(+•). The search for radical guests that form 
inclusion complexes with the diradical host MS2(+•) drew inspiration from investigations on the 
binding of neutral electron-rich guests in the tetracationic MS4+ oxidation state of the molecular 
square. These previous studies revealed that this square is appropriately proportioned to bind two 
aromatic groups stacked on top of each other, either in the form of a 1:2 complex19 
[MS⊂2TTF]4+ or involving a single guest in which the two aromatic planes are inherently 
stacked together, as in ferrocene.18 It was not, however, immediately apparent how these 
considerations would manifest themselves in radical-based recognition chemistry. It seemed 
intuitive that MS2(+•) could possibly host a three-dimensional diradical guest or two planar 
monoradical guests, but it was not clear what the ideal arrangement (co-conformation) would be 
for the two guest radicals. For example, it was unclear if the ideal binding motif would involve a 
continuous interaction of four radicals — i.e., with approximately equidistant spacing between 
the -radical planes — or if a relatively large spacing between the radical planes of the guest(s) 
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would be enforced by a preference for two discrete radical-radical interactions with the two 
radical viologen recognition sites of the square. In order to evaluate these possibilities, several 
viologen radical guests were examined for their ability to bind within MS2(+•). The results of this 
examination are summarized in Scheme 2. 
Three isomers of CBPQT2(+•) were assessed as possible diradical guests. These isomers vary 
with respect to the connectivity — namely ortho, meta, or para — of the xylylene linkers 
employed as spacers for the two viologen units. These cyclophanes were readily prepared 
following established procedures,10,25 and reduced to the diradical state using zinc dust as a 
convenient reductant.11,25 The o-xylylene-based derivative o-CBPQT2(+•) has the closest spacing 
of the viologen radicals, such that there is very strong intramolecular pairing of the two free 
electrons. This latter feature is evident from a characteristic25 intense near-IR absorption band 
(max = 838 nm) in the UV-Vis-NIR spectrum of o-CBPQT2(+•) (1 mM in MeCN). The intensity 
of this absorption remains essentially unchanged when an equimolar amount of MS2(+•) is added. 
The spectrum of the mixed solution does, however, display a weak new NIR absorption band that 
overlaps partially with that of o-CBPQT2(+•), but which extends to longer wavelengths. See 
Supporting Information. These observations suggest that o-CBPQT2(+•) forms a weakly bound 
complex with MS2(+•). Building upon these encouraging results, the more widely spaced isomer 
m-CBPQT2(+•) was found to bind much more strongly inside MS2(+•) as evidenced by an intense 
new NIR absorption band (max = 941 nm, Figure 1) that is absent from the spectra of either 
individual diradical. This strong binding affinity of m-CBPQT2(+•) does not extend to the more 
widely spaced p-xylylene-based isomer CBPQT2(+•), which exhibits only a slight affinity for 
binding inside MS2(+•). Notably, the very weak NIR absorption band (max = 1103 nm) observed 
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for [MS⊂CBPQT]4(+•) increases slightly after 24 h, suggesting that the kinetics associated with 
the formation of this complex are slow. Presumably the CBPQT2(+•) isomer is too large, from 
both a thermodynamic and kinetic perspective, to serve as an effective guest, while the m-
xylylene-based linker in m-CBPQT2(+•) provides just the right spacing for rapid formation of a 
strong interaction with the inside of the square.  
In light of this knowledge, it seemed possible that MS2(+•) might bind two MV+• guests much in 
the same way as the similarly sized host, cucurbit[8]uril, promotes26 the dimerization of two 
MV+• radical cations within its cavity. Notably, however, MV+• shows very little affinity for 
binding inside MS2(+•), as evident from the near absence of an NIR absorption band in the UV-
Vis-NIR spectrum of a 1:2 molar ratio solution of the diradical host (0.5 mM) and the 
monoradical guest (1.0 mM) in MeCN. A low intensity absorption at max = 889 nm is, however, 
evident, and is nearly tripled in its intensity (from Abs = 0.089 to Abs = 0.24, 2 mm path) when 
the concentration of MV+• is increased to 2.0 mM. The low intensity of this absorption band 
makes it difficult to investigate this host-guest interaction, particularly since the weak self-
associations of MV+• and MS2(+•) also contribute to the NIR-absorptions in this region. The 
contributions from these dimerizations can, however, be compensated at relatively low 
concentrations of each viologen species. A Job plot was used to establish a 1:1 association 
between MV+• and MS2(+•). See Supporting Information. The determination of this stoichiometry 
is notable since this result indicates that a 1:2 host-guest complex does not form even though two 
MV+• guests would be free to occupy the ideal spacing within the square to reinforce each-
other’s binding. In this respect, the behavior of the radical systems contrasts with that of the 
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donor-acceptor complexes10c,d;18b [CBPQT⊂TTF]4+ and [MS⊂2TTF]4+ in which the two hosts 
exhibit different stoichiometries when binding the same planar guest.  
These preliminary results show that MS2(+•) exhibits high selectivity in the formation of 
[MS⊂m-CBPQT]4(+•) relative to the selectivities observed for related hosts-guest systems 
involving either MS4+ or cucurbit[8]uril. An additional observation that MV+• and m-CBPQT2(+•) 
do not interact means that both the components of the tetraradical complex [MS⊂m-
CBPQT]4(+•) do not engage in significant interactions with either component of the trisradical 
[CBPQT⊂MV]3(+•). The pronounced selectivity of these host-guest interactions is remarkable 
considering the fact that the two complexes are based on the same type of recognition motif. 
The apparently strong binding of m-CBPQT2(+•) with MS2(+•) was probed to provide a 
quantitative assessment of the stoichiometry, binding constant, and thermodynamic parameters 
associated with the formation of this complex.  A Job plot (see Supporting Information) 
demonstrated 1:1 host-guest stoichiometry, as expected, based on the assumption that the smaller 
radical cyclophane binds inside of the larger one. The binding constant at 25 °C in MeCN was 
determined by titrations (Figure 2a) that were monitored by the NIR absorption of the complex 
[MS⊂m-CBPQT]4(+•). The resulting data was fitted to a 1:1 binding isotherm (see Supporting 
Information) and the average of four titrations produces a Ka value of (7.9 ± 1.9) x 104 M-1, 
which is similar to those (Ka = 7.9 ± 5.5 x 104 M-1 (by UV-Vis), 5.04 ± 0.63 x 104 M-1 (by 
ITC))11b obtained for the trisradical complex [CBPQT⊂MV]3(+•). Thus, the increased radical 
interactions presumed to be present in the tetraradical [MS⊂m-CBPQT]4(+•) must be evenly 
counterbalanced by factors such as charge-repulsion or entropic penalties that diminish binding. 
See below for further discussions. 
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The relatively high error in the association constant for [MS⊂m-CBPQT]4(+•) determined by 
titration measurements can be attributed to a number of factors, including — (i) the fact that 
reduction of MS4+ with Zn does not produce concentrations of MS2(+•) (determined by UV-Vis 
spectroscopy) that are consistent as those obtained when reducing other viologen species with 
Zn. This observation can be attributed to partial over-reduction to the MS0 oxidation state, which 
is not expected to be accessible in solution using Zn as the reductant, yet may be driven by the 
precipitation of MS0 owing to its low solubility34 in MeCN. The actual concentration of MS2(+•) 
in the titrant was determined by UV-Vis spectroscopy prior to the titration. If the precipitate of 
MS0 is, however, too fine to remove by filtration, its presence might influence the results of the 
titration. — (ii) the fact that MS4+ has relatively low solubility in MeCN, which limits the 
concentration of MS2(+•) that can be used to titrate a solution of m-CBPQT2(+•). This latter 
consideration necessitates adding a relatively large volume of the titrant during each run, a 
practice which might introduce larger errors than normally expected for a strongly bound host-
guest complex. It is worthy of note that titrating MS2(+•) with an excess of m-CBPQT2(+•) is not 
an option since this diradical dication features a non-negligible NIR absorption band in its own 
right.  
Though an unusually large error in the association constant was found by the titrations, these 
experiments provided consistent values for the molar absorptivity (941nm = 18765 cm-1•M-1 
 ± 412 cm-1•M-1) of the NIR band for [MS⊂m-CBPQT]4(+•). This value was used to calculate the 
binding constant at 298 K based on the intensities of the NIR absorption bands observed for 
solutions containing 0.05 mM of each diradical dication. This method provides consistent values 
for association constants (Ka = (1.12 ± 0.08) x 105 M-1 from five samples) that are similar to the 
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largest Ka value (1.09 x 105 M-1) determined from titrations. A relatively large Ka value of (1.7 ± 
0.25) x 105 M-1 was also obtained from EPR spectra. These EPR measurements are described 
below in more detail. 
Obtaining association constants for the binding of MV+•, o-CBPQT2(+•), and CBPQT2(+•) 
inside of MS2(+•) is not an easy task on account of the comparative weaknesses of the complexes 
themselves and the presence of other inter- and intra-molecular radical-pairing interactions 
involving these persistent radicals. The association constants were, however, estimated using the 
molar absorptivity of the NIR band of [MS⊂m-CBPQT]4(+•) for the determination of the 
concentrations of radical-paired species in mixtures of MS2(+•) with the other radical cations. This 
approach assumes that each viologen-viologen radical-pairing interaction contributes the same 
amount to the molar absorptivity in the NIR region, regardless of the particular identity of the 
viologen radical cations. This assumption is a necessary one since the molar absorptivities of 
these weakly bound complexes cannot be directly measured at accessible concentrations. Using 
this method of approximation, we have shown that [MS⊂o-CBPQT]4(+•) has a relatively low 
association constant on the order of 102 M-1, followed by 101 M-1 for both [MS⊂MV]3(+•) and 
[MS⊂CBPQT]4(+•). Thus, it appears that the association constant for the formation of the 
strongly bound complex [MS⊂m-CBPQT]4(+•) is two to three orders of magnitude larger than 
that of [MS⊂o-CBPQT]4(+•), and exceeds that of [MS⊂MV]3(+•) and [MS⊂CBPQT]4(+•) by at 
least three orders of magnitude.  
The enthalpy (Ha = −19.3 ± 1.5 kcal/mol) and entropy (S = −41.8 ± 4.8 cal/mol•K) of 
binding were determined for [MS⊂m-CBPQT]4(+•) based on a Van ‘t Hoff analysis (see 
Supporting Information) of the variable temperature UV-Vis-NIR spectra (Figure 2a) from four 
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1:1 molar ratio samples (0.050 mM of each cyclophane in MeCN) of m-CBPQT2(+•) with 
MS2(+•). These results reveal that [MS⊂m-CBPQT]4(+•) has an even more favorable heat of 
formation than that (Ha-Trisradical = −15.2 ± 0.5 kcal/mol)11b observed for [CBPQT⊂MV]3(+•), but 
that the latter occurs with a lower entropic penalty (Sa-Trisradical = −29.3 ± 1.6 cal/mol•K)11b such 
that both complexes have similar binding constants at 25 °C. The high enthalpy of binding for 
the tetraradical complex suggests that the contribution from additional radical-pairing outweighs 
the effect of increased charge repulsion in this complex. The increased entropic penalty for the 
larger complex can be attributed to the additional degrees of freedom that must be suppressed in 
order to align all of the aromatic units present in both cyclophanes in order to permit effective 
binding.  
Another potentially important influence on the entropy and enthalpy of binding for host-guest 
pairs is solvation. This factor leads to a more favorable S of complexation for larger hosts and 
guests as a result of the greater amount of solvent that is released from the interior and exterior of 
the host and guest, respectively. Conversely, displacement of solvation from the larger, more 
highly charged m-CBPQT2(+•) guest should be more enthalpically unfavorable than that for the 
smaller MV+• guest. Hence, solvation is expected to make contributions to the entropy and 
enthalpy of complexation that are opposite to the differences in these parameters that are 
experimentally observed between the trisradical and tetraradical complexes, suggesting that 
solvation does not make a major contribution to the thermodynamics of this system.  
In addition to comparisons with the other radical-based supramolecular complexes, it is worth 
noting that binding present in [MS⊂m-CBPQT]4(+•) is at least an order of magnitude stronger 
than has been observed for the tetracationic MS4+ with ferrocenes,18 even when the ferrocene 
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guests include additional hydrogen-bond recognition arms. The [MS⊂m-CBPQT]4(+•) complex 
is also about an order of magnitude stronger than the association of C60 in an even larger 
congener15e of the CBPQT4+ host design, which requires a well-chosen solvent mixture to 
facilitate entropy-driven binding.  
 
X-ray Crystallography. A 1:1 molar ratio solution of MS•2PF6 and m-CBPQT•2PF6 in MeCN 
was prepared by reduction of a solution of the tetracationic cyclophanes using Zn dust, as 
described above for use in the spectroscopic investigations. Vapor diffusion of iPr2O into this 
solution provided dark purple crystals in two distinct crystal habits. One morphology consisted 
of long, very thin crystals that were unsuitable for characterization by single crystal X-ray 
diffraction, while the other crystals were large, block-like ones that diffracted strongly. Note that 
the trisradical complex [CBPQT⊂MV]•3PF6 is also known to crystallize11c in multiple distinct 
morphologies that are similar to those obtained for [MS⊂m-CBPQT]•4PF6. Single-crystal XRD 
analysis (Figure 3) of one of the large crystals of [MS⊂m-CBPQT]•4PF6 confirmed that they 
contain m-CBPQT2(+•) and MS2(+•) bound together in a 1:1 host-guest complex. The solid-state 
superstructure of this complex is in agreement with the solution-state studies that indicate the 
formation of a strongly bound 1:1 complex in MeCN. Surprisingly though, two distinct co-
conformations of [MS⊂m-CBPQT]4(+•) are present in the superstructure: they differ significantly 
with respect to the conformation of the smaller cyclophane m-CBPQT2(+•). In one of the co-
conformations of [MS⊂m-CBPQT]4(+•), the smaller cyclophane adopts an unusual conformation 
(Figure 3a-c) in which the two m-xylylene linkers and the long axes of both viologen units are 
nearly perfectly coplanar. This relative orientation of the m-xylylene linkers in m-CBPQT2(+•) is 
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henceforth referred to as the linear conformation of this cyclophane.  The other co-conformation 
features the m-CBPQT2(+•) cyclophane in a chair-like conformation (Figure 3d,e). Despite these 
differences, the viologen units of both cyclophanes are oriented (Figure 3c,e) similarly with 
respect to  each other in each co-conformation of [MS⊂m-CBPQT]4(+•). In particular, both co-
conformations feature near perfect alignments of the centroids of the viologen units, and for each 
complex, the two planes formed by the four nitrogen atoms of each cyclophane are offset by 10 – 
12° from a perpendicular alignment with respect to each other. These structural features 
correspond well to those determined previously for [CBPQT⊂MV]•3PF6, and presumably the 
relative orientations of the viologen units in the two complexes provide maximum overlap of the 
SOMO’s of the hosts and guests. Further quantitative analysis of the superstructure of [MS⊂m-
CBPQT]4(+•) is now presented along with comparisons to the structures of the individual 
cyclophanes m-CBPQT2(+•) and MS2(+•). 
Since the solid-state structures of salts containing the m-CBPQT2(+•) dication have not been 
examined previously, we sought to determine the crystallographic structure of m-CBPQT•2PF6 
in order to compare it with the structure of [MS⊂m-CBPQT]•4PF6. Crystals of m-CBPQT•2PF6 
were grown as described above for [MS⊂m-CBPQT]•4PF6, and the solid-state structure was 
determined by single crystal XRD analysis. This structure also features two distinct 
conformations (Figure 4) of the m-CBPQT2(+•) dication, and these conformations are 
qualitatively similar to those present in the solid state of [MS⊂m-CBPQT]•4PF6. The two 
conformations of the cyclophane differ, however, much more significantly in their quantitative 
aspects compared with those observed in the host-guest superstructure. In particular, the unbound 
linear structure (Figure 4c) of m-CBPQT2(+•) features an unusual distortion in which the two 
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viologen units are pinched together in the middle, providing a centroid-to-centroid distance of 
only 3.6 Å. Although this distance is longer than is usually observed (3.1 – 3.3 Å) for 
unrestricted radical-radical interactions involving viologen radical cations,11,27 we still associate 
it with attractive intramolecular radical pairing, considering the significant distortion of the 
cyclophane that is necessary to achieve this relatively short contact. In contrast, the other 
conformation of unbound m-CBPQT2(+•) is once again chair-like, with a centroid-to-centroid 
distance (5.6 Å) for the viologen units that is 2 Å wider than present in the linear conformation. 
The considerably wider viologen-viologen spacing in the chair-like conformation precludes the 
presence of any intramolecular radical-pairing interactions, making this conformation of m-
CBPQT2(+•) similar to that of the p-xylylene-bridged isomer CBPQT2(+•).  It should be noted that 
the two conformations are present in a 1:1 ratio in the crystal of m-CBPQT•2PF6, whereas the 
solution-state UV-Vis-NIR spectrum of m-CBPQT2(+•) indicates that only a very small fraction 
(≤ 5%) of the cyclophane is engaged in intramolecular radical pairing. It follows that crystal 
packing forces may be contributing to the relatively large proportion of the radically-paired, 
linear conformation of m-CBPQT2(+•) in the solid state.  
The solid-state (super)structures of MS•2PF6,28 m-CBPQT•2PF6, and [MS⊂m-CBPQT]•4PF6 
are displayed for comparison in Figure 5. The square-shaped cyclophane has longer viologen 
centroid-to-centroid distances (11.0 Å, Figure 5b; 11.3 Å, Figure 5c) in the [MS⊂m-
CBPQT]•4PF6 superstructure than that (10.6 Å) observed in the structure of MS•2PF6. This 
observation indicates that MS2(+•) must expand somewhat in order to accommodate the large, 
three-dimensional m-CBPQT2(+•) guest. For the guest in [MS⊂m-CBPQT]4(+•), the viologen 
centroid-to-centroid distance is shorter for the linear conformation (4.7 Å, Figure 5b) than for the 
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chair-like one (5.1 Å), consistent with the trend exhibited for these two conformations in m-
CBPQT•2PF6. The viologen-viologen spacings differ much more significantly in the latter 
structure, however, than in the host-guest complexes. It appears that complexation leads to a 
significant expansion in the viologen-viologen distances of the linear conformation from 3.6 to 
4.7 Å, while somewhat contracting this distance (5.6 to 5.1 Å) for the chair-like conformation. 
Comparisons of the solid-state superstructures of the radical cyclophanes, and complexes 
thereof, are informative with respect to how intramolecular and local noncovalent bonding 
interactions influence the extended packing of the viologen radical cations. The square diradical 
dication packs (Figure 5a) in columns held together by fully eclipsed viologen units, much like 
the packing observed in the PF6- salts of CBPQT+• and its trisradical complex with MV+•. The 
chair-like conformation of m-CBPQT2(+•) also packs (Figure 5f,g) in perfectly eclipsed columns. 
In contrast, the linear conformation of m-CBPQT2(+•), which features two close intramolecular 
viologen contacts, does not exhibit (Figure 5g) extended stacking based on radical-radical 
interactions. We attribute this difference to intramolecular radical pairing, which reduces the 
propensity of the radicals to engage in additional intermolecular radical interactions. The host-
guest complex [MS⊂m-CBPQT]4(+•) also does not exhibit well-aligned packing into columns. 
Although there are columns present with alternating stacking of the two co-conformers of the 
complex, the alignment between them is relatively poor. As a result, there is only limited overlap 
of the viologen units from one complex to the next, suggesting relatively weak attractive 
interactions at most. The tetraradical complex [MS⊂m-CBPQT]4(+•) features efficient pairing of 
both viologen radicals on the smaller cyclophane (see DFT results below) with both radicals on 
the square cyclophane, thus reducing the energetic benefit of extended viologen interactions. It is 
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noteworthy that the packing of these cyclophanes can be influenced by inter- and intramolecular 
radical-pairing interactions. The ability to modulate the superstructures of viologens and other 
redox active organic materials could prove useful for tuning the semiconductor properties11c of 
these species in the solid state. 
 
Computational Investigations. It is conceivable that (super)structural features of the host-guest 
complex and component cyclophanes differ between the solid- and solution-states. This 
possibility becomes apparent from the inconsistency between the crystal structure of m-
CBPQT•2PF6 and the UV-Vis-NIR data for this compound in MeCN. It was because of this 
experimental observation that we sought to obtain insight into the solution-state (super)structures 
using DFT calculations29 employing the M06-2X30 functional and the 6-311G(d,p)31 basis set. In 
order to provide a consistent computational framework for studying the noncovalent bonding 
interactions in this system we included D3 van der Waals corrections32 in the presence of the 
Poisson-Boltzmann solvation model33 for MeCN. The (super)structures, calculated for the 
individual cyclophanes (MS2(+•)DFT and m-CBPQT2(+•)DFT) and host-guest complex ([MS⊂m-
CBPQT]4(+•)DFT), are presented in Figure 6, and include all (co)conformations that were 
identified by single crystal XRD analysis. The linear conformation (Figure 6b) of m-
CBPQT2(+•)DFT was calculated to be 2.33 kcal/mol more stable than the chair-like conformation 
(Figure 6c). This energetic preference was preserved qualitatively for the calculated 
(super)structures of the co-conformations of [MS⊂m-CBPQT]4(+•)DFT. In the case of the host-
guest complex, however, the two co-conformations differ in energy by only 0.18 kcal/mol, a 
negligible difference for such DFT calculations.  
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In the case of the individual cyclophanes, there are significant differences between the 
experimental solid-state structures and the calculated structures. The DFT calculations predict a 
wider viologen-to-viologen spacing (11.17 Å, Figure 6a) in MS2(+•)DFT than was found (10.6 Å) 
in the corresponding crystal structure. The linear conformation of m-CBPQT2(+•)DFT also features 
a viologen-viologen spacing (4.64 Å, Figure 6b) that is considerably wider than that (3.6 Å) in 
the corresponding solid-state structure. In this case, the discrepancy is considerably larger than 
that for the molecular square. The other calculated (super)structures (Figure 6c – g), however, all 
correspond very closely to those determined experimentally. Additionally, both of the individual 
diradical cyclophanes were predicted to exist in triplet states, a prediction which is consistent 
with the UV-Vis-NIR spectra and EPR measurements (see below), both of which indicate that 
the individual cyclophanes exist in solution without significant intramolecular radical-pairing 
interactions. Thus, it appears that the DFT calculations are superior, relative to the empirically 
determined solid-state (super)structures, at providing accurate representations of the solution-
state (super)structures, presumably because of crystal packing forces present in the solid state. 
The apparent accuracy of the DFT results is notable since these calculations predict that the 
molecular square is almost the perfect size to bind m-CBPQT2(+•)DFT, requiring expansion or 
contraction of MS2(+•)DFT by only 0.1 – 0.2 Å to form [MS⊂m-CBPQT]4(+•)DFT. Although the 
linear conformation of m-CBPQT2(+•)DFT differs only slightly in [MS⊂m-CBPQT]4(+•)DFT, the 
chair-like conformation of m-CBPQT2(+•)DFT is contracted by ca. 0.5 Å in the calculated host-
guest complex, much as is observed in the solid state.  
The DFT calculations were also employed to examine the electronic structure of the [MS⊂m-
CBPQT]4(+•) host-guest complex. The singlet state of the host-guest complex was predicted to 
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have the lowest energy, consistent with the expectation that complexation is driven by strong 
pairing of the two unpaired radicals on the host with the two radicals on the guest. This 
intermolecular interaction was probed further through examination of the molecular orbitals 
(Figure 7) of the host-guest complex. The HOMO and HOMO-1 orbitals indicate, as expected, 
significant in-phase mixing between the SOMOs of the host and guest viologen units. The 
HOMO orbital exhibits out-of-phase mixing of the two viologen units across the wide spacing of 
the guest molecule, while the HOMO-1 is symmetric about the mirror plane that lies between 
these two viologen units. Since the spacing of the viologen units in m-CBPQT2(+•)DFT is too wide 
for there to be a significant interaction, the HOMO and HOMO-1 are very close in energy. In 
contrast, the LUMO exhibits significant out-of-phase mixing of the orbitals on the guest with 
those on the host, an antibonding interaction that makes this orbital significantly higher in energy 
(less stable) than those of the HOMO and HOMO-1.  
The superstructures (Figure 8) of [MS⊂o-CBPQT]4(+•)DFT  and [MS⊂CBPQT]4(+•)DFT  were 
also examined computationally, with the binding energies compared with that determined for 
[MS⊂m-CBPQT]4(+•)DFT. The superstructure of [MS⊂o-CBPQT]4(+•)DFT reveals that this very 
narrow cyclophane makes a close contact with only one of the viologen units on the inside of the 
molecular square. As a consequence, the formation of this complex provides only one radical 
pairing interaction, and the electronic ground state is predicted to be a spin triplet. In contrast, the 
host-guest complex of MS2(+•)DFT with the larger CBPQT2(+•)DFT cyclophane has two particularly 
close (3.10 Å) viologen-viologen contacts and is predicted to have a spin singlet ground state. In 
this latter complex, the host MS2(+•)DFT expands considerably in order to accommodate the 
widely spaced guest, a requirement that leads to the prediction of a weak, but favorable energy of 
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binding (E = −7.65 kcal/mol). The smallest cyclophane o-CBPQT2(+•)DFT is also predicted to 
bind inside MS2(+•)DFT with a weakly favorable energy (E = −4.06 kcal/mol), while [MS⊂m-
CBPQT]4(+•)DFT was found to have a highly favorable energy of binding (E = −16.07 kcal/mol). 
These results follow the trend determined from solution-phase studies, and further support the 
conclusion that the m-xylylene-linked cyclophane is particularly well-proportioned for binding 
inside of MS2(+•). 
 
EPR Characterization. The electronic structure of [MS⊂m-CBPQT]4(+•) was probed by EPR 
spectroscopy. A comparison of the relative integrated EPR signal intensities of equimolar MeCN 
solutions of MS2(+•), m-CBPQT2(+•), o-CBPQT2(+•), and a 1:1 molar ratio mixture of MS2(+•)and 
m-CBPQT2(+•) is presented in Figure 9a. See Supporting Information for additional details. The 
highest intensities are observed for the individual solutions of MS2(+•) and m-CBPQT2(+•) while 
essentially no EPR signal was observed for o-CBPQT2(+•) on account of the strong 
intramolecular radical pairing in this latter compound. The intensity for m-CBPQT2(+•) is slightly 
lower than that for MS2(+•), suggesting that a small, but measurable, amount of the m-
CBPQT2(+•) cyclophane also exists in a radically paired singlet state in solution. The solution 
containing a mixture of MS2(+•) and m-CBPQT2(+•) has a very low intensity that is less than one-
tenth of that expected from non-interacting diradical compounds, i.e., the sum of the individually 
measured diradical intensities. Since the host-guest complex is expected to exist as a singlet, the 
weak EPR signal for the mixed solution can be attributed to a small percentage (< 10%) of the 
diradical cyclophanes that are present in the unbound form. The intensity measured at 25 °C was 
compared with that of the individual cyclophanes in order to determine the concentrations of 
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host, guest, and host-guest complex. From these analyses, we obtained an association constant 
(Ka = (1.7 ± 0.25) x 105 M-1 from three measurements) which is similar to that (Ka = (1.12 ± 
0.08) x 105 M-1) based on the most consistent UV-Vis-NIR measurements.  
More thermodynamic information on the tetraradical tetracationic complex [MS⊂m-
CBPQT]4(+•) was obtained by collecting additional EPR spectra (Figure 9b) at temperatures 
ranging from −30 to + 70 °C in MeCN. These spectra reveal a reduction of the radical signal at 
lower temperatures, consistent with an increase in the ratio of paired to unpaired radical species 
in solution, until almost no EPR signal is detected at −30 °C. Conversely, at higher temperatures 
there is a greater entropic penalty involved in the formation of the complex and the EPR signal 
increases significantly as a consequence of the dissociation of the complex. The association 
constants were calculated at each temperature, and a temperature-dependent Van ‘t Hoff analysis 
provided the thermodynamic parameters H298K = −17.9 kcal/mol and S298K = −34.2 cal/mol•K. 
See Supporting Information for more details. The magnitudes of both the enthalpy and entropy 
of binding are smaller than those determined from variable temperature UV-Vis-NIR 
measurements. Despite these differences between the methods of measurement, the EPR studies 
support the trend that, relative to the trisradical trication [CBPQT⊂MV]3(+•), the tetraradical 
complex forms with more negative enthalpy and entropy changes. 
  
Electrochemistry. Radical-pairing interactions lend stability to the radical-cation oxidation 
states of viologen units, a phenomenon which can be probed using cyclic voltammetry (CV). It 
should be noted at the outset that the highest quality electrochemical data was obtained at 
relatively low concentrations (0.05 – 0.2 mM) of MS•4PF6 and m-CBPQT•4PF6. At higher 
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concentrations (≥ 0.5 mM), it became evident that the more positive redox couple observed for 
mixtures of MS•4PF6 and m-CBPQT•4PF6 displays inconsistent behavior at higher scan rates. 
Additionally, the more negative redox couple that was observed for isolated solutions of 
MS•4PF6 is not consistently reversible for concentrations ≥ 0.5 mM. Visual inspection of the 
working electrode revealed that, although a noticeable amount of material is deposited on the 
electrode surface during higher concentration measurements, these problems are not observed 
when data is collected at lower concentrations (≤ 0.2 mM of each cyclophane) of the analytes. 
Furthermore, by using lower concentrations of each analyte, ferrocene can be used as an internal 
redox standard without interference from the formation18 of a host-guest complex between MS4+ 
and ferrocene. 
The CVs of MS•4PF6, m-CBPQT•4PF6, and of an equimolar mixture of the two in MeCN 
(0.1 M TBAPF6 electrolyte) are compared in Figure 10 with a scan rate of 0.2 V/s. The CVs of 
the individual cyclophanes are consistent with previous electrochemical studies20b,25 carried out 
on these compounds. They display redox characteristics typical of viologen derivatives. The 
molecular square exhibits two reversible redox waves, while for m-CBPQT•4PF6, the more 
negative wave is split into two distinct, but closely separated, redox events. Notably, the five 
distinct reduction waves of the cyclophanes (two for MS•4PF6 and three for m-CBPQT•4PF6) 
are not individually observed in the voltammogram recorded on a solution containing a mixture 
of each cyclophane in a 1:1 ratio. Instead, this CV displays only two single, sharp reduction 
waves, indicating the formation of the tetraradical host-guest complex.  
Additional information about the formation of the host-guest complex is evident from 
quantitative comparisons of the CVs of the individual cyclophanes with that of the mixed 
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solution. The first reduction of the equimolar solution occurs at a more positive potential (Ered = 
− 0.705 V) than those observed for either of the individual compounds (Ered = − 0.730 V for m-
CBPQT•4PF6 and – 0.744 V for MS•4PF6 at 0.2 V/s), indicating the stabilization of the radical 
state that is provided upon formation of the host-guest complex. The second reduction of the 
mixed sample appears at a more positive potential (Ered = − 1.209 V) than that  (Ered = − 1.232 V) 
for the most negative reduction wave of m-CBPQT•4PF6, yet is more negative than the average 
of all of the corresponding reductions for both individual cyclophanes (Ered-average ≈ − 1.18 V). 
Thus, the mixed solutions exhibits a net stabilization of the radical oxidation state of the 
cyclophanes with respect to oxidation and reduction, which can be attributed to the formation of 
the tetraradical host-guest complex, as was observed11a for the previously studied trisradical 
assembly.   
The more negative redox couple of the equimolar solution is reversible, suggesting that the 
[MS⊂m-CBPQT]4(+•)/[MS⊂m-CBPQT]0 redox couple is not influenced by dynamic processes 
at scan rates of 0.2 V/s. This observation indicates that [MS⊂m-CBPQT]0 does not dissociate 
during the timeframe of the measurement, although it is also possible that fast 
association/dissociation of the cyclophanes occurs since rapid dynamic processes are also 
consistent with electrochemical reversibility. Comparison of the E1/2 value for this redox couple 
with those of the individual cyclophanes indicates a similar level of stabilization (30 mV) to that 
indicated by a comparison of the reduction peaks. In contrast, the more positive redox couple of 
the mixed solutions exhibits distinct behavior in which the oxidation wave is split into two 
closely overlapping peaks with the more well-defined peak (− 0.551 V) shifted by ca. 150 mV 
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more positive than the corresponding reduction (− 0.705 V). Note, for comparison, that the 
reversible Fc/Fc+ couple exhibits a much smaller Ep of 65 mV under these conditions.    
The behavior of the more positive redox couple was probed by recording CVs (Figure 11) of 
the equimolar solutions of MS•4PF6 and m-CBPQT•4PF6 (0.05 mM each) at different scan 
rates. At a low scan rate of 0.025 V/s, this redox couple exhibits reversible behavior, with only a 
single oxidation wave being observed. Increasing the scan rate to 0.1 V/s or 0.2 V/s (Figure 
11b,c) does not significantly alter the reduction wave, while the oxidation wave is broadened and 
shifted significantly to more positive potentials. The broadening appears to be a consequence, in 
part at least, to the separation of the oxidation wave into two distinct oxidation events, which is 
more clearly evident from higher scan rate CVs (1 – 50 V/s, Figure 11e-f). The more positive 
oxidation wave continues to shift significantly in a positive direction as the scan rate is increased, 
while the potentials for the reduction wave and the less positive oxidation wave exhibit only 
small to moderate dependences on the scan rate. The less positive oxidation wave does, however, 
increase considerably in peak current from ipa(-0.674V) ≈ 1.2 x ipa(Fc/Fc+) at 5 V/s to ipa(-0.665V) ≈ 2 x 
ipa(Fc/Fc+) at 50 V/s, and this was accompanied by a corresponding decrease in the more positive 
wave from 1.7 x ipa(Fc/Fc+) to 1.2 x ipa(Fc/Fc+). A possible explanation for these scan-rate dependent 
characteristics is that, at faster scan rates, the two diradical cyclophanes do not have sufficient 
time to equilibrate with [MS⊂m-CBPQT]4(+•). As a consequence, two different oxidation peaks 
are observed, the more negative one corresponding to the oxidation of the unbound cyclophanes 
MS2(+•) and m-CBPQT2(+•), while the more positive oxidation wave can be attributed to the 
complex [MS⊂m-CBPQT]4(+•) in which the radicals are stabilized toward oxidation. 
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The explanation for the scan-rate dependent behavior is supported by additional experiments. 
The potential window has been increased (Figure 12) to include the more negative redox couple 
associated with the viologen units, i.e., the radical/neutral redox couple, which had a negligible 
effect on the potentials observed for the more positive redox couple exhibited by the viologen 
units. Increasing the potential window (Figure 12a) does, however, decrease the ratio of the peak 
current of the oxidation wave at − 0.685 V relative to that of the wave at − 0.50 V (ipa(-0.68V)/ipa(-
0.5V) = 0.3) in comparison to the ratio (ipa(-0.67)/ipa(-0.5V) = 0.7) observed for these two peaks when 
using a smaller scan window (Figure 11e) at 5 V/s. This trend is also evident in the CVs recorded 
at 50 V/s, in which the ratio ipa(-0.67)/ipa(-0.46V) = 0.9 is smaller when a wider scan window (Figure 
12b) is used than is observed (ipa(-0.67)/ipa(-0.46V) = 1.7) when a smaller window (Figure 11f) is 
employed. The wider potential range increases the amount of time available at a given scan rate 
for the MS2(+•) and m-CBPQT2(+•) diradical dications to associate prior to reoxidation, which in 
turn, increases the concentration of the [MS⊂m-CBPQT]4(+•) tetraradical tetracation while 
decreasing the concentration of the individual cyclophanes. Consistent with this interpretation of 
the data, the CV recorded at 50 V/s displays (Figure 12b) a shoulder on the more negative 
reduction wave, as expected, since the reduction waves for the unbound MS2(+•) and m-
CBPQT2(+•) components should extend to more positive potentials than the reduction wave for 
the [MS⊂m-CBPQT]4(+•) complex. 
The kinetics and thermodynamics associated with the formation of [MS⊂m-CBPQT]4(+•) 
should be concentration dependent since host-guest formation is a bimolecular process. 
Reproducible CVs could not be obtained at high concentrations (≥ 0.5 mM of each cyclophane), 
but good CV data (Figure 13) could be obtained after a more moderate increase from 0.05 to 0.2 
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mM concentrations for both of the cyclophanes. The CVs obtained at 0.2 V/s were very similar 
at both sample concentrations (Figure 10c and 13a), but significant concentration dependent 
differences were evident at higher scan rates. At 5 V/s, the CV (Figure 13b) of the more 
concentrated sample exhibits a smaller ipa(-0.67V)/ipa(-0.48V) ratio (0.15) than was observed (ipa(-
0.68V)/ipa(-0.5V) = 0.3, Figure 12a) for the less concentrated sample. At 50 V/s, this ratio was 
increased to 0.6 for the more concentrated sample (Figure 13 c), but was still smaller than that 
(ipa(-0.67)/ipa(-0.46V) = 0.9, Figure 12b) observed in the CV recorded at lower concentrations. Thus, 
higher concentrations appear to favor the more positive reoxidation wave, an observation which 
is consistent with the hypothesis that this wave corresponds to the oxidation of the tetraradical 
tetracationic complex [MS⊂m-CBPQT]4(+•) which should be favored, bother kinetically and 
thermodynamically, at higher initial concentrations of the cyclophanes. 
These electrochemical investigations reveal some differences in the behavior of the tetraradical 
tetracationic complex relative to that of the previously studied11a trisradical tricationic complex, 
which exhibits an additional redox wave on account of the presence of one unpaired electron. 
More significantly, however, the trisradical tricationic complex displays an increase in the most 
positively shifted oxidation wave as the scan rate is increased up to 30 V/s. This observation 
contrasts with the behavior of the tetraradical tetracationic complex, in which the most positively 
shifted wave decreases at high scan rates. These differences can be attributed to slower kinetics 
in the equilibration between MS2(+•), m-CBPQT2(+•), and [MS⊂m-CBPQT]4(+•). Indeed, it is 
possible to observe the direct oxidation of [MS⊂m-CBPQT]4(+•) at low scan rates because this 
complex dissociates relatively slowly, whereas at fast scan rates the cyclophanes do not have 
sufficient time to associate. By contrast, the trisradical tricationic complex appears to associate 
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readily even at high scan rates, which are required in order to observe the direct oxidation of the 
[CBPQT⊂MV]2(+•) intermediate. Cyclic voltammetry is, however, a relatively challenging 
technique to use for anything more than semi-quantitative kinetics comparisons, and more 
detailed investigations of these kinetic differences are beyond the scope of the current 
investigations.  
 
■   CONCLUSIONS 
The dicationic diradical cyclophane m-CBPQT2(+•) has been shown to bind strongly as a guest 
inside the cavity of the square-shaped diradical MS2(+•) to form [MS⊂m-CBPQT]4(+•), while 
smaller and larger potential guests bind much more weakly. A variety of solution-state methods, 
including UV-Vis-NIR spectroscopy, EPR spectroscopy, and cyclic voltammetry, were used to 
study the formation and properties of the tetraradical complex. Structural characterization was 
provided by single crystal X-ray diffraction methods and DFT calculations at the M06-2X-D3 
level. Notably, this well characterized complex is only the second example of a host-guest 
recognition motif based on radical-pairing interactions, following the discovery11a of the smaller 
trisradical complex [CBPQT⊂MV]3(+•) several years ago. Formation of the tetraradical complex 
is driven by radical-pairing interactions between the two recognition sites present in the host — 
i.e., the two radical viologen units — with two corresponding recognition sites in the guest. 
These recognition sites are inherently multivalent since they involve two discrete viologen-
viologen interactions with little electronic communication occurring through the middle of the 
m-CBPQT2(+•) guest. A number of other multivalent radical recognition motifs35 have previously 
been reported, but these past examples are all homo-association processes involving compounds 
with multiple viologen35a-c or tetrathiafulvalene radical units,35d,e rather than the selective 
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assembly of two distinct components to afford a host-guest complex. Furthermore, to our 
knowledge, the selectivity of these assemblies has never been demonstrated, while at least some 
examples are known24b to be disrupted upon the addition of CBPQT2(+•) to form 
polypseudorotaxanes based on the trisradical recognition motif. 
 The evenly numbered, discrete radical-pairing interactions in [MS⊂m-CBPQT]4(+•) imbue this 
tetraradical complex with different electronic properties from those exhibited by the odd-electron 
complex [CBPQT⊂MV]3(+•). In particular, [MS⊂m-CBPQT]4(+•) is a diamagnetic complex as 
predicted computationally and determined experimentally by EPR spectroscopy, whereas the 
trisradical complex exists in a doublet ground state. Additionally, the tetraradical complex 
displays only two redox couples when examined by cyclic voltammetry, whereas the smaller 
complex exhibits three reduction events and as many as four oxidation events. There are, 
however, similarities between the two radical host-guest complexes, e.g., similar electronic 
stabilization of the radical states of the viologens, and similar relative orientations of the 
viologen units in the host and the guest. Additionally, the association constants for the two 
complexes differ by only a small amount (significantly less than one order of magnitude) despite 
the fact that the new tetraradical complex brings together a larger amount of positive charge. 
This observation can be attributed to the increased stabilization provided by the multivalent 
radical recognition in [MS⊂m-CBPQT]4(+•), which compensates for the increased charge 
repulsion. 
The most notable feature of the new [MS⊂m-CBPQT]4(+•) host-guest complex, however, is its 
increased size relative to that of [CBPQT⊂MV]3(+•). The m-CBPQT2(+•) guest in the tetraradical 
complex is approximately three times the size, with respect to molecular weight, width, and 
volume, as the MV(+•) guest, and furthermore, m-CBPQT2(+•) is nearly as large as the 
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CBPQT2(+•) host in the tricationic trisradical complex. The considerably expanded size of the 
host and guest in [MS⊂m-CBPQT]4(+•) marks the first example of a size-homologue of the 
viologen cyclophane radical recognition motif, much as differently sized derivatives have been 
studied for many other classic hosts-guest complexes. As in the case of these seminal examples, 
there is considerable size-based specificity in the [MS⊂m-CBPQT]4(+•) and [CBPQT⊂MV]3(+•) 
recognition motifs to the extent that that neither component of the tetraradical complex interacts 
strongly with either component of the trisradical complex. The high selectivity for these host-
guest interactions is remarkable considering that both complexes are held together by essentially 
the same type of radical-pairing-based recognition motif. The orthogonality of the trisradical and 
tetraradical motifs could be exploited in the assembly of more sophisticated hierarchical 
structures and mechanically interlocked molecules. We are currently investigating these 
possibilities using functionalized derivatives of the m-CBPQT2(+•) guest. 
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Titles of Schemes 
Scheme 1. Host-Guest Chemistry of Viologen-Based Cyclophanes 
 
Scheme 2. Assessment of Radical Guests for the Diradical Host MS2(+•) 
 
 
Captions to Figures 
Figure 1. UV-Vis-NIR Spectra of m-CBPQT2(+•), MS2(+•), and a 1:1 molar ratio mixture of m-
CBPQT2(+•) and MS2(+•). Spectra were recorded in MeCN in a 1-mm path cuvette and 0.50 mM 
concentration of the cyclophane(s). 
 
Figure 2. a) UV-Vis-NIR Spectrophotometric monitoring of the titration of a solution of m-
CBPQT2(+•) (0.050 mM in MeCN) with MS2(+•) in a 1 cm path cuvette. b) UV-Vis-NIR Data 
recorded on a 1:1 molar ratio mixture of m-CBPQT2(+•) and MS2(+•) (0.050 mM each in MeCN) 
at temperatures from 5 – 60 °C in a 1-cm path cuvette. 
 
Figure 3. Solid-state superstructures of [MS⊂m-CBPQT]4(+•) depicted with combinations of 
tubular and space-filling representations. The m-CBPQT2(+•) guest is highlighted in purple and 
the MS2(+•) host in blue. The tetracationic complex was crystallized as its PF6− salt, and the PF6− 
counterions are omitted for the sake of clarity. The viologen units of the  MS2(+•) host can be 
identified by their close contacts with the viologen units of the  m-CBPQT2(+•) guest, and by the 
smaller dihedral angles observed between the pyridinium groups of each viologen unit than are 
observed between the phenylene groups of the biphenylene linkers. Two distinct co-conformers 
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of [MS⊂m-CBPQT]4(+•) were located in the unit cell and both are presented: a – c) [MS⊂m-
CBPQT]4(+•) featuring the m-CBPQT2(+•) guest in a linear conformation. d – e) [MS⊂m-
CBPQT]4(+•) featuring the chair-like conformation of the m-CBPQT2(+•) guest. 
 
Figure 4. Solid-state structure of m-CBPQT2(+•) depicted with combinations of tubular and 
space-filling representations. The dicationic cyclophane was crystallized as its PF6− salt, and the 
PF6− counterions are omitted for the sake of clarity.  Two distinct conformers of m-CBPQT2(+•) 
were located in the unit cell and both are presented: a) Chair conformer of m-CBPQT2(+•) viewed 
with the four nitrogen atoms in the plane of the page. b) Chair conformer of m-CBPQT2(+•) 
viewed with the viologen units parallel to the page. c) Linear conformer of m-CBPQT2(+•) 
viewed with the four nitrogen atoms in the plane of the page. d) Linear conformer of m-
CBPQT2(+•) viewed with the viologen units parallel to the page. 
 
Figure 5. Comparison of the solid-state (super)structures of MS2(+•), [MS⊂m-CBPQT] 4(+•), and 
m-CBPQT2(+•) depicted with tubular and space-filling representations. All cationic compounds 
were crystallized as their PF6− salts, and the PF6− counterions are omitted for the sake of clarity.  
MS2(+•) is highlighted in blue and m-CBPQT2(+•) is portrayed in purple and pink. a) Ideal 
alignment of MS2(+•) in radical-paired columns within the solid-state superstructure. The square-
shaped cavity of the cyclophane is occupied by two molecules of iPr2O.  
b) [MS⊂m-CBPQT]4(+•) featuring the linear conformer of the m-CBPQT2(+•) guest.  
c) [MS⊂m-CBPQT]4(+•) featuring the chair conformer of the m-CBPQT2(+•) guest. d) Poorly 
aligned column of the two co-conformations of [MS⊂m-CBPQT]4(+•) within the solid-state 
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superstructure. e) Linear conformer of m-CBPQT2(+•) viewed with the four nitrogen atoms in the 
plane of the page. f) Ideal alignment of the chair-like conformer of m-CBPQT2(+•) in radical-
paired columns of the solid-state superstructure. g) Solid-state superstructure of m-CBPQT2(+•). 
The chair-like conformation is portrayed in pink and the linear conformer is highlighted in 
purple. Counterions are omitted for the sake of clarity. 
 
Figure 6. Optimized computational model (super)structures of MS2(+•)DFT, m-CBPQT2(+•)DFT, 
and [MS⊂m-CBPQT]4(+•)DFT determined by DFT calculations at the M06-2X level including D3 
van der Waals attraction and continuum solvation. Calculated interplanar distances and angles 
are provided in red, and the corresponding measurements from the solid-state structures are 
presented in blue in parenthesis.  a)  MS2(+•)DFT. b) Linear conformation of m-CBPQT2(+•)DFT. c) 
Chair-like conformation of m-CBPQT2(+•)DFT. d - e) [MS⊂m-CBPQT] 4(+•)DFT containing the 
linear conformation of the m-CBPQT2(+•)DFT guest. f - g) [MS⊂m-CBPQT] 4(+•)DFT containing 
the chair-like conformation of the m-CBPQT2(+•)DFT guest. 
 
Figure 7. Frontier molecular orbitals of [MS⊂m-CBPQT]4(+•)DFT determined by DFT 
calculations. Orbital energies are provided in parentheses in units of hartrees. a) HOMO. b) 
HOMO-1. c) LUMO. 
 
Figure 8. Comparison of the calculated superstructures of: a) [MS⊂o-CBPQT]4(+•)DFT. b) 
[MS⊂m-CBPQT]4(+•)DFT. c) [MS⊂CBPQT]4(+•)DFT. 
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Figure 9. a) Relative integrated EPR signal intensities of 0.50 mM solutions of MS•2PF6, m-
CBPQT•2PF6, o-CBPQT•2PF6, and a mixture of MS•2PF6 and m-CBPQT•2PF6 in MeCN at 
298 K. b) EPR spectra recorded from −30 – 70 °C on a mixture of MS•2PF6 and m-
CBPQT•2PF6 (0.45 mM each) in MeCN. 
 
Figure 10. Cyclic voltammograms of: a) MS4+ (0.05 mM), b) m-CBPQT4+ (0.05 mM), and c) a 
1:1 molar ratio mixture of MS4+ and m-CBPQT4+ (0.05 mM each). CVs were recorded in a 0.1 
M solution of Bu4NPF6 electrolyte in MeCN at a 0.2 V/s scan rate, and are referenced to the 
reversible Fc/Fc+ couple ([ferrocene] = 0.04 mM), which exhibited Ep = 69 mV (a), 67 mV (b), 
and 65 mV (c). 
 
 
Figure 11. Cyclic voltammograms of a 1:1 molar ratio mixture of MS4+ and m-CBPQT4+ (0.05 
mM each) in 0.1 M Bu4NPF6 in MeCN with potentials referenced to an internal standard of 
ferrocene (0.04 mM). The voltammograms are truncated to focus on the scan rate dependent 
behavior of the (MS4+ + m-CBPQT4+)/[MS⊂m-CBPQT]4(+•) redox couple. Arrows mark select 
changes in peaks relative to the preceding CV. The Ep values for the Fc/Fc+ redox couple (not 
visible in the truncated CVs) are: a) Ep(Fc/Fc+) = 102 mV/s at 0.025 V/s, b) Ep(Fc/Fc+) =  67 mV/s 
at 0.1 V/s,  c) Ep(Fc/Fc+) =  66 mV/s at 0.2 V/s, d) Ep(Fc/Fc+) =  62 mV/s at 1 V/s, e) Ep(Fc/Fc+) =  
67 mV/s at 5 V/s, and f) Ep(Fc/Fc+) =  106 mV/s at 50 V/s. 
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Figure 12. Cyclic voltammograms of a 1:1 molar ratio mixture of MS4+ and m-CBPQT4+ (0.05 
mM each) in 0.1 M Bu4NPF6 in MeCN with potentials referenced to an internal standard of 
ferrocene (0.04 mM). The Ep values for the Fc/Fc+ redox couple are: a) Ep(Fc/Fc+) =  68 mV/s at 
5 V/s.  b) Ep(Fc/Fc+) = 114 mV/s at 50 V/s. Arrows mark changes in the CV recoded at 50 V/s (b) 
relative to the one recorded at 5 V/s (a). 
 
Figure 13. Cyclic voltammograms of a 1:1 molar ratio mixture of MS4+ and m-CBPQT4+ (0.2 
mM each) in 0.1 M Bu4NPF6 in MeCN with potentials referenced to an internal standard of 
ferrocene (0.16 mM). The Ep values for the Fc/Fc+ redox couple are: a) Ep(Fc/Fc+) =  66 mV/s at 
0.2 V/s.  b) Ep(Fc/Fc+) = 92 mV/s at 5 V/s.  c) Ep(Fc/Fc+) = 185 mV/s at 50 V/s. Arrows mark 
select changes in the CV recoded at 50 V/s (c) relative to the one recorded at 5 V/s (b).   
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Scheme 1 
Host-Guest Chemistry of Viologen-Based Cyclophanes 
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Scheme 2 
Assessment of Radical Guests for the Diradical Host MS2(+•) 
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Figure 1 
UV-Vis-NIR Spectra of m-CBPQT2(+•), MS2(+•), and a 1:1 molar ratio mixture of m-CBPQT2(+•) and MS2(+•). Spectra were recorded in 
MeCN in a 1-mm path cuvette and 0.50 mM concentration of the cyclophane(s). 
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Figure 2 
 
a) UV-Vis-NIR Spectrophotometric monitoring of the titration of a solution of m-CBPQT2(+•) 
(0.050 mM in MeCN) with MS2(+•) in a 1 cm path cuvette. b) UV-Vis-NIR Data recorded on a 
1:1 molar ratio mixture of m-CBPQT2(+•) and MS2(+•) (0.050 mM each in MeCN) at temperatures 
from 5 – 60 °C in a 1-cm path cuvette. 
a) 
b) 
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Figure 3 
 
Solid-state superstructures of [MS⊂m-CBPQT]4(+•) depicted with combinations of tubular and 
space-filling representations. The m-CBPQT2(+•) guest is highlighted in purple and the MS2(+•) 
host in blue. The tetracationic complex was crystallized as its PF6− salt, and the PF6− counterions 
are omitted for the sake of clarity. The viologen units of the  MS2(+•) host can be identified by 
their close contacts with the viologen units of the  m-CBPQT2(+•) guest, and by the smaller 
dihedral angles observed between the pyridinium groups of each viologen unit than are observed 
between the phenylene groups of the biphenylene linkers. Two distinct co-conformers of 
[MS⊂m-CBPQT]4(+•) were located in the unit cell and both are presented: a – c) [MS⊂m-
CBPQT]4(+•) featuring the m-CBPQT2(+•) guest in a linear conformation. d – e) [MS⊂m-
CBPQT]4(+•) featuring the chair-like conformation of the m-CBPQT2(+•) guest. 
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Figure 4 
 
Solid-state structure of m-CBPQT2(+•) depicted with combinations of tubular and space-filling representations. The dicationic 
cyclophane was crystallized as its PF6− salt, and the PF6− counterions are omitted for the sake of clarity.  Two distinct conformers of 
m-CBPQT2(+•) were located in the unit cell and both are presented: a) Chair conformer of m-CBPQT2(+•) viewed with the four 
nitrogen atoms in the plane of the page. b) Chair conformer of m-CBPQT2(+•) viewed with the viologen units parallel to the page. c) 
Linear conformer of m-CBPQT2(+•) viewed with the four nitrogen atoms in the plane of the page. d) Linear conformer of m-
CBPQT2(+•) viewed with the viologen units parallel to the page. 
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Figure 5 
 
Comparison of the solid-state (super)structures of MS2(+•), [MS⊂m-CBPQT] 4(+•), and m-CBPQT2(+•) depicted with tubular and space-
filling representations. All cationic compounds were crystallized as their PF6− salts, and the PF6− counterions are omitted for the sake 
of clarity.  MS2(+•) is highlighted in blue and m-CBPQT2(+•) is portrayed in purple and pink. a) Ideal alignment of MS2(+•) in radical-
paired columns within the solid-state superstructure. The square-shaped cavity of the cyclophane is occupied by two molecules of 
iPr2O. b) [MS⊂m-CBPQT]4(+•) featuring the linear conformer of the m-CBPQT2(+•) guest. c) [MS⊂m-CBPQT]4(+•) featuring the chair 
conformer of the m-CBPQT2(+•) guest. d) Poorly aligned column of the two co-conformations of [MS⊂m-CBPQT]4(+•) within the 
solid-state superstructure. e) Linear conformer of m-CBPQT2(+•) viewed with the four nitrogen atoms in the plane of the page. f) Ideal 
alignment of the chair-like conformer of m-CBPQT2(+•) in radical-paired columns of the solid-state superstructure. g) Solid-state 
superstructure of m-CBPQT2(+•). The chair-like conformation is portrayed in pink and the linear conformer is highlighted in purple. 
Counterions are omitted for the sake of clarity. 
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Figure 6 
 
Optimized computational model (super)structures of MS2(+•)DFT, m-CBPQT2(+•)DFT, and 
[MS⊂m-CBPQT]4(+•)DFT determined by DFT calculations at the M06-2X level including D3 van 
der Waals attraction and continuum solvation. Calculated interplanar distances and angles are 
provided in red, and the corresponding measurements from the solid-state structures are 
presented in blue in parenthesis.  a)  MS2(+•)DFT. b) Linear conformation of m-CBPQT2(+•)DFT. c) 
Chair-like conformation of m-CBPQT2(+•)DFT. d - e) [MS⊂m-CBPQT] 4(+•)DFT containing the 
linear conformation of the m-CBPQT2(+•)DFT guest. f - g) [MS⊂m-CBPQT] 4(+•)DFT containing 
the chair-like conformation of the m-CBPQT2(+•)DFT guest. 
Page 47 of 55
ACS Paragon Plus Environment
Journal of the American Chemical Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
48 
 
 
 
 
 
Figure 7 
 
Frontier molecular orbitals of [MS⊂m-CBPQT]4(+•)DFT determined by DFT calculations. Orbital energies are provided in parenthesis 
in units of hartrees. a) HOMO. b) HOMO-1. c) LUMO. 
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Figure 8 
 
Comparison of the calculated superstructures of: a) [MS⊂o-CBPQT]4(+•)DFT. b) [MS⊂m-CBPQT]4(+•)DFT. c) [MS⊂CBPQT]4(+•)DFT.
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Figure 9 
 
a) Relative integrated EPR signal intensities of 0.50 mM solutions of MS•2PF6, m-
CBPQT•2PF6, o-CBPQT•2PF6, and a mixture of MS•2PF6 and m-CBPQT•2PF6 in MeCN at 25 
°C. b) EPR spectra recorded from −30 – 70 °C on a mixture of MS•2PF6 and m-CBPQT•2PF6 
(0.45 mM each) in MeCN. 
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Figure 10 
 
Cyclic voltammograms of: a) MS4+ (0.05 mM), b) m-CBPQT4+ (0.05 mM), and c) a 1:1 molar 
ratio mixture of MS4+ and m-CBPQT4+ (0.05 mM each). CVs were recorded in a 0.1 M solution 
of Bu4NPF6 electrolyte in MeCN at a 0.2 V/s scan rate, and are referenced to the reversible 
Fc/Fc+ couple ([ferrocene] = 0.04 mM), which exhibited Ep = 69 mV (a), 67 mV (b), and 65 
mV (c). 
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Figure 11 
 
Cyclic voltammograms of a 1:1 molar ratio mixture of MS4+ and m-CBPQT4+ (0.05 mM each) 
in 0.1 M Bu4NPF6 in MeCN with potentials referenced to an internal standard of ferrocene (0.04 
mM). The voltammograms are truncated to focus on the scan rate dependent behavior of the  
(MS4+ + m-CBPQT4+)/[MS⊂m-CBPQT]4(+•) redox couple. Arrows mark select changes in 
peaks relative to the preceding CV. The Ep values for the Fc/Fc+ redox couple (not visible in 
the truncated CVs) are a) Ep(Fc/Fc+) =  102 mV/s at 0.025 V/s,  b) Ep(Fc/Fc+) =  67 mV/s at 0.1 
V/s, ,. c) Ep(Fc/Fc+) =  66 mV/s at 0.2 V/s, d) Ep(Fc/Fc+) =  62 mV/s at 1 V/s, e) Ep(Fc/Fc+) =  67 
mV/s at 5 V/s, and f) Ep(Fc/Fc+) =  106 mV/s at 50 V/s. 
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Figure 12 
Cyclic voltammograms of a 1:1 molar ratio mixture of MS4+ and m-CBPQT4+ (0.05 mM each) 
in 0.1 M Bu4NPF6 in MeCN with potentials referenced to an internal standard of ferrocene (0.04 
mM). The Ep values for the Fc/Fc+ redox couple are: a) Ep(Fc/Fc+) =  68 mV/s at 5 V/s.  b) 
Ep(Fc/Fc+) = 114 mV/s at 50 V/s. Arrows mark changes in the CV recoded at 50 V/s (b) relative 
to the one recorded at 5 V/s (a). 
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Figure 13 
Cyclic voltammograms of a 1:1 molar ratio mixture of MS4+ and m-CBPQT4+ (0.2 mM each) in 
0.1 M Bu4NPF6 in MeCN with potentials referenced to an internal standard of ferrocene (0.16 
mM). The Ep values for the Fc/Fc+ redox couple are: a) Ep(Fc/Fc+) =  66 mV/s at 0.2 V/s.  b) 
Ep(Fc/Fc+) = 92 mV/s at 5 V/s.  c) Ep(Fc/Fc+) = 185 mV/s at 50 V/s. Arrows mark select changes 
in the CV recoded at 50 V/s (c) relative to the one recorded at 5 V/s (b).   
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